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Abstract
ChaA, one of the sodium ion extrusion systems of Escherichia coli, was found to function at high pH [Biochim. Biophys. Acta 1363
(1998) 231]. A chaA– lacZ transcriptional fusion gene was constructed using chaA of E. coli O157:H7 and its expression was observed in
strains derived from E. coli K12. The fusion gene was expressed at high pH and was induced by the addition of NaCl, KCl or sucrose. The
amount of chaA mRNA measured by reverse transcription-polymerase chain reaction (RT-PCR) was increased by the addition of sucrose to
alkaline growth medium. These results suggested that chaA expression was regulated by medium osmolarity and pH.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Four systems to extrude sodium ions (NhaA, NhaB,
ChaA and the respiratory-dependent system) have been
reported in Escherichia coli [1–6]. ChaA was proposed to
be a calcium/proton antiporter, which had sodium/proton
antiport activity when its gene was encoded by a multicopy
plasmid [7]. The initial rate of calcium ion accumulation by
everted membrane vesicles at alkaline pH was slightly
reduced by the deletion of chaA, but the final level was
not changed [8]. A mutant deficient in nhaA and nhaB
derived from E. coli W3110 expelled sodium ions at
alkaline pH, but no extrusion was observed in a mutant
deficient in nhaA, nhaB and chaA [8], indicating that ChaA
has a physiological role in sodium ion extrusion at high pH
even if its gene locates in chromosomal DNA. In addition to
alkaline pH, a mutant deficient in the three genes was unable
to expel sodium ions at neutral and acid pH values, implying
that NhaA, NhaB and ChaA are the major transport systems
for sodium ions [8,9].
Growth of a mutant defective in sodium ion extrusion
was inhibited by sodium ions, especially at high pH; no
growth was observed in the presence of more than 30 mM
NaCl at pH above 8 [8,9]. It was proposed that Na+/H+
antiporters participated in the regulation of cytoplasmic pH
under alkaline conditions [1–4]. However, the mutant lack-
ing the ability to expel sodium ions grew as well as the wild
type in medium containing a low level of sodium ions
within the medium pH range from 5 to 9 [8,9]. These results
suggest that sodium ion extrusion systems have an essential
role for growth resistance to sodium ions but not for pH
homeostasis.
Why are multiple extrusion systems required for one
function? The most plausible explanation would be that
bacteria use different systems under different conditions
[10–12]. ChaA extruded sodium ions at alkaline pH, and
NhaB works at pH below 8 [9]. It was reported that nhaA
was expressed in a strain derived from W3133-2 at high pH
[13], but W3133-2 was shown to have a low active ChaA
[8]. In wild type E. coli, expression of nhaA was weak and
was strongly induced in strains deficient in nhaB and chaA
[14]. Growth resistance to sodium ions was not affected by
the deletion of nhaA at pH below 8, but the deletion slightly
decreased the growth rate in the presence of a high level of
sodium ions at pH above 8 [8]. ChaA was shown to be
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incapable of maintaining a low level of internal sodium ions
in medium containing a high level of these ions [9]. Thus,
NhaA seems to function when the maintenance of a low
internal level of sodium ions is difficult [9,14].
To clarify different usage of these transport systems and
their physiological roles, it is essential to examine how gene
expression is affected by environmental stimuli. Gene
expression of nhaA has been well studied [13,15,16]. This
gene had two promoters designated P1 and P2. In the
exponential growth phase, nhaA was induced using P1 by
internal sodium ions, and the expression is dependent on P2
in the stationary phase. Regulatory protein NhaR had an
essential role in the expression dependent on P1, but neither
NhaR nor sodium ions were involved in the latter expression
[16].
It was demonstrated that some strains of E. coli
O157:H7 were more resistant to acidic compounds at
low pH [17,18]. Our group is investigating the role of
sodium ion extrusion systems in acid resistance at low pH.
For this purpose, transcriptional fusion genes of E. coli
O157:H7 with lacZ were constructed, and expression of
the genes were examined at different pH values. In this
study, we found that expression of a chaA– lacZ fusion
gene was regulated by medium osmolarity and pH. An
elevated level of chaA mRNAwas also observed in a strain
derived from E. coli K12 grown in high osmolar medium
of alkaline pH.
2. Materials and methods
2.1. Bacterial strains and growth media
The E. coli strains used are listed in Table 1. Synthetic
medium M6 contained 5 mM K2HPO4, 20 mM NH4Cl, 1
mM MgSO4, 0.1 mM CaCl2, 0.1 mM FeSO4, 20 Ag/ml
thiamine and 1% glucose. Tryptone (0.5%) was added to
medium of initial pH 9.0. Sixty millimolars 2-(N-morpho-
lino) ethanesulfonic acid monohydrate (MES) for media of
pH below 7, N-2-hydroxyethylpiperazine-NV-2-ethanesul-
fonic acid (HEPES) for media of pH 7 to 8, and N-
Tris(hydroxymethyl) methylglycine (Tricine) for media of
pH above 8 were added to M6. The medium pH was
adjusted by the addition of KOH. Growth was monitored
by measuring the absorbance of the medium at 600 nm.
2.2. Construction of a chaA–lacZ fusion gene
Chromosomal DNA of E. coli O157:H7 was partially
digested with Sau3AI, and fragments of 5 to 10 kbp
extracted from agarose gel were inserted into the BamHI
site of pSTV29 (Takara, Japan). One of the resulting
plasmids, designated pGY101, contained 3V region of
kdsA, chaA, chaB, chaC, ychN and 5V region of ychP.
A NruI and HaeII fragment (Fig. 1) of pGY101 was
inserted into the HindIII site of pMS434HS [19] after all
ends were blunted. E. coli HI2017(EpF13) [19] was
transformed with the resulting plasmid, and phage lysate
was prepared from the transformant by UV irradiation.
MC4100 [20] was infected with the lysate, and MC4100
containing a transcriptional chaA– lacZ fusion gene
(GY201) was obtained.
2.3. Measurement of an mRNA level using reverse tran-
scription-polymerase chain reaction (RT-PCR)
Cells grown in medium M6 were harvested and
suspended in 20 mM sodium acetate buffer, pH 5.5,
containing 0.5% SDS and 1 mM EDTA. Equal volume
of phenol saturated with the same buffer was added to the
cell suspension, and the mixture was shaken vigorously.
After the mixture was heated at 60 jC for 5 min, the
mixture was centrifuged at 8000 g for 5 min. Total
RNA was precipitated by the addition of 75% ethanol to
the supernatant. After washing with 70% ethanol three
times, the precipitate was dried and stored at  80 jC.
Table 1
The bacterial strains used in this study
Strains Relevant genotype Sources and references
W3110 E F derived from E. coli K12 Laboratory stock
O157:H7 Isolated in Sakai city, Japan
MC4100 araD139 D(lac)U169 strA thi M.J. Casadaban [20]
RK33Z melBLid DnhaA3 kan+ DlacZY A(nhaAV–VlacZ)1(hyb) E. Padan [13]
TO114 W3110 nhaADkan nhaBDem chaADcm Laboratory stock [8]
TS10Z MC4110 A(nhaAV–VlacZ)1(hyb) MC4100 P1(RK33Z) [14]
TS12Z MC4110 chaADcm A(nhaAV–VlacZ)1(hyb) TS10Z P1(TO114) [14]
GY201 MC4100/E(A(chaA–lacZ)1) This study; see Materials and methods
TS211Z MC4100 nhaADkan/E(A(chaA– lacZ)1) This study; GY201 P1(TO114)
TS210Z MC4100 nhaBDem/E(A(chaA– lacZ)1) This study; GY201 P1(TO114)
TS201Z MC4100 chaADcm/E(A(chaA– lacZ)1) This study; GY201 P1(TO114)
TS22Z MC4100 nhaADkan chaADcm/E(A(chaA–lacZ)1) This study; TS211Z P1(TO114)
TS24Z MC4100 nhaADkan nhaBDem chaADcm/E(A(chaA– lacZ)1) This study; TS22Z P1(TO114)
kan, gene conferring kanamycin resistance; cm, gene conferring chloramphenicol resistance; em, gene conferring erythromycin resistance.
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RT-PCR was performed using an RT-PCR kit (Toyobo,
Osaka, Japan). Primers A, B, C and D (Table 2) were
added to the reaction buffer containing various amounts
of RNA and the mixture was incubated at 30 jC for 10
min, 42 jC for 20 min, 99 jC for 5 min and then 4 jC
for 5 min. Conditions for PCR cycle were 94 jC for 0.5
min, 60 jC for 0.5 min and 72 jC for 1.5 min. After 35
cycles, an oil layer was removed with phenol/chloroform
mixture (1:1), and RT-PCR products precipitated with
70% ethanol in the presence of 200 mM NaCl were
analyzed by agarose (1.0%) gel electrophoresis. The
amount of the PCR product obtained with the chaA
primers (A and B) was measured using samples in which
the same amount of the PCR product was obtained with
the atp primers (C and D).
2.4. Other methods and chemicals
Measurement of h-galactosidase activity [21], determi-
nation of the sodium ion content in the cytoplasm and
medium [8], and P1 transduction [22] were carried out as
described previously. Miller unit [21] was used for h-
galactosidase activity. Reagents used were of analytical
grade.
3. Results
3.1. Effect of NaCl on chaA expression at various pH values
Expression of the chaA–lacZ transcriptional fusion gene
was induced by the addition of NaCl at pH above 8, and the
induction was small at pH below 8 (Fig. 2). Mutant TS201Z
Fig. 1. Sequence alignment of the upstream region of chaA. Nucleotide sequences of the upstream region of chaA of E. coli K12 (accession number AE000220)
and O157:H7 (accession number AE005339) are aligned. Base pairs different in two strains are shadowed.
Table 2
Nucleotide sequences of primers used in this study
Primers Sequence Positiona
A CACAAGGAGACTTCGCTTAT 34–53 (chaA)
B ATACGCCATACATTGCCGCA 534–553 (chaA)
C GTGTCGCTCGTGAGTCGAAA 19–38 (atpI)
D TACTGGGTCTGCCTGCACTG 398–417 (atpB)
a Translational initiation site of each gene is taken 1.
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deficient in chaA expressed the fusion gene without the
addition of NaCl at pH above 8, and the expression further
increased in the presence of 200 mM NaCl (Fig. 2). Medium
M6 we used contained contaminating 1–3 mM sodium ions.
In order to clarify whether chaA expression is regulated
by internal sodium ions or not, expression of the chaA–lacZ
fusion gene was examined using various mutants deficient in
sodium ion extrusion systems. When cells were cultured at
pH below 7.5 in the presence of 200 mMNaCl, the induction
of the fusion gene was less than 40 Miller units in mutants
having multiple extrusion systems for sodium ions (Fig.
3A,B). In mutant TS24Z deficient in nhaA, nhaB and chaA,
the internal level of sodium ions increased dramatically in
the presence of NaCl at pH below 8, but the expression of the
fusion gene was low (Fig. 3A,B). Since TS24Z grew at a low
rate in the presence of more than 20 mM NaCl in medium of
initial pH 7.5, 20 mM NaCl was used in this strain.
The internal level of sodium ions was low in strains able
to express nhaA (GY201, TS210Z and TS201Z) grown in
the presence of 200 mM NaCl at pH above 8 (Fig. 3C).
These strains expressed the fusion gene as well as mutant
TS211Z deficient in nhaA whose internal level of sodium
ions was high (Fig. 3C). TS24Z deficient in nhaA, nhaB and
chaA was unable to grow in the presence of more than 30
mM NaCl. The internal level of sodium ions of this strain
was high in medium containing only 5 mM NaCl, but
expression of the fusion gene was only slightly higher than
that of strains containing a low level of cellular sodium ions
Fig. 2. Expression of the chaA– lacZ fusion gene at various pH values.
GY201 (nhaA+ nhaB+ chaA+) and TS201Z (nhaA+ nhaB+ chaA)
containing the fusion gene were cultured in medium M6 in the presence
(closed bars) and absence (open bars) of 200 mM NaCl. When cells were
harvested at the absorbance of 0.3–0.4, medium pH values decreased to
5.1–5.3, 6.1–6.3, 7.1–7.3 and 8.3–8.5 in media of initial pH 5.5, 6.5, 7.5
and 9.0, respectively. Each point represents meanF S.D. of two
independent measurements.
Fig. 3. Expression of the chaA– lacZ fusion gene in various mutants. Cells
were grown in medium M6 of initial pH 6.5, 7.5 and 9.0. When cells were
harvested at the absorbance of 0.3–0.4, medium pH values decreased to the
values described in the legend of Fig. 2. Cellular sodium ions (horizontally
striped bars and #) and h-galactosidase activity (open, closed and vertically
striped bars) were measured. Cellular levels of sodium ions less than 0.05
Amol/mg protein are represented as #. Each point represents meanF S.D. of
two independent measurements. Strains used were GY201 (nhaA+ nhaB+
chaA+), TS211Z (nhaA nhaB+ chaA+), TS210Z (nhaA+ nhaB chaA+),
TS201Z (nhaA+ nhaB+ chaA) and TS24Z (nhaA nhaB chaA).
Amounts of NaCl added to growth medium: open bars, 5 mM; vertically
striped bars, 20 mM; closed bars, 200 mM.
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(Fig. 3C). These results suggested that chaA expression was
not dependent directly on the internal level of sodium ions.
3.2. Effect of medium osmolarity on expression of the
chaA–lacZ fusion gene
When 200 mM KCl or 300 mM sucrose was added,
expression of the chaA– lacZ fusion gene of GY201
increased to the level observed in the presence of 200 mM
NaCl at alkaline pH (Fig. 4A). The fusion gene in TS22Z
deficient in nhaA and chaA was well expressed in the
presence of 10 mM NaCl, and the similar magnitude of
the expression was observed with the addition of 200 mM
KCl or 300 mM sucrose (Fig. 4B).
It was reported that ChaA extruded calcium ions [7].
However, h-galactosidase activity of TS22Z was not
affected by the addition of CaCl2 or EGTA (Fig. 4B). It
should be noted that calcium ions precipitated when more
than 2 mM CaCl2 was added to medium M6 of pH 9.0.
When 5 mM CaCl2 was added to the medium of pH 9.0
containing 1 mM K2HPO4, no effect on expression of the
fusion gene was again observed (data not shown). The
expression was not stimulated by the addition of CaCl2 at
pH below 8 (data not shown).
It was reported that nhaA was expressed at alkaline pH
[13] and the expression was stimulated by NaCl but not by
KCl at near neutral pH [13,16]. The nhaA–lacZ fusion
gene of our strain TS10Z was not expressed at alkaline pH
even if NaCl, KCl or sucrose was present (Fig. 4C). In
TS12Z deficient in chaA, expression of the nhaA–lacZ
fusion gene was stimulated by the addition of 50 mM NaCl
but not by 200 mM KCl or 300 mM sucrose (Fig. 4D). No
growth of TS12Z was observed in the presence of more
Fig. 4. Effect of KCl, sucrose, CaCl2 and EGTA on expression of chaA and
nhaA. Cells were grown in medium M6 of initial pH 9.0. When cells were
harvested at the absorbance of 0.3–0.4, medium pH decreased to 8.3–8.5.
Each point represents meanF S.D. of two independent measurements.
Symbols: #, activities less than 5 Miller units; N, not determined. Strains:
(A) GY201 (nhaA+ nhaB+ chaA+); (B) TS22Z (nhaA nhaB+ chaA); (C)
TS10Z (nhaA nhaB+ chaA+); (D) TS12Z (nhaA nhaB+ chaA). Amounts
of NaCl added were 10 mM (B), 50 mM (D) and 200 mM (A and C).
Concentrations of KCl, sucrose, CaCl2 and EGTA added were 200, 300, 1
and 1 mM, respectively.
Fig. 5. Amount of chaA mRNA in a strain derived from E. coli K12.
GY201 (nhaA+ nhaB+ chaA+ E(A(chaA–lacZ)1)) was grown in medium of
initial pH 9.0. When cells were harvested at the absorbance of 0.3–0.4,
medium pH decreased to 8.3–8.5, and a level of mRNA was measured
using RT-PCR as described in Materials and methods. Upper panel: A
photograph of agarose gel in which RT-PCR products were electrically
separated. (A) Cells were grown without the addition of sucrose. (B) Cells
were grown in the presence of 300 mM sucrose. Lower panel: An increase
in the mRNA level. The level in cells grown without the addition of sucrose
was taken as 100, and meanF S.D. of two independent measurements is
represented.
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than 50 mM NaCl at pH above 8, due to the deletion of
both nhaA and chaA. The expression level of the nhaA–
lacZ fusion gene in TS10Z derived from MC4100 was
lower than that of RK33Z reported previously [13,15,16].
The high expression in RK33Z was confirmed in the
present study (data not shown), supporting that our assay
method is reproducible. The low expression of TS10Z was
markedly increased by the deletion of chaA at high pH
[14]. E. coli W3133-2 was found to have a low active
ChaA and the nhaA fusion gene was expressed at a high
level without the deletion of chaA [8,14]. In addition to
MC4100, the growth sensitivity to sodium ions was
decreased slightly by the deletion of nhaA in E. coli
W3110 having an active ChaA [8], suggesting that NhaA
was less active in this strain. Therefore, the nhaA expres-
sion is dependent on the genetic background of strains
used. RK33Z and other strains used in the previous reports
[13,15,16] were derived from W3133-2 and this may be the
reason why the high expression was observed without the
deletion of chaA in their strains.
3.3. Effect of sucrose on the level of chaA mRNA
The fusion gene in GY201 carried the chaA promoter of
E. coli O157:H7. We next measured the level of mRNA
transcribed from intact chaA using RT-PCR. It should be
noted that GY201 contained the chaA–lacZ fusion gene and
intact chromosomal chaA. Since the atp operon is thought to
be constitutive, atp mRNAwas used as an internal standard.
In agreement with the result shown in Fig. 4A, the mRNA
level was increased approximately five-fold by the addition
of 300 mM sucrose (Fig. 5). The same experiment was
carried out using PCR of 20 cycles instead of 35, and the
same result was obtained (data not shown). The level of
chaA mRNAwas low in cells grown in medium of initial pH
8 and the level was not stimulated by the addition of sucrose
(data not shown).
4. Discussion
Expression of chaA was induced under hyperosmotic
stress at alkaline pH. We used a chaA–lacZ fusion gene
made of the chaA promoter of E. coli O157:H7 in this study.
Six base pairs are different in the region upstream of the
coding frame of chaA between E. coli O157:H7 and K12
(Fig. 1). However, this difference does not appear to affect
the regulation of chaA expression, as an mRNA level
increased at elevated medium osmolarity in a strain derived
from E. coli K12 (Fig. 5). The sodium ion extrusion of a
mutant containing only chaA derived from E. coli K12 was
high when cells were cultured in sodium-rich medium [9].
Furthermore, NaCl, KCl and sucrose increased expression
of a chaA–lacZ transcriptional fusion gene constructed
using the chaA promoter region of a strain derived from
E. coli K12 (data not shown).
NhaA was proposed to function mainly in alkaline
medium containing a high level of sodium ions [1–
4,8,9,14]. Expression of the translational nhaA–lacZ fusion
gene was induced by NaCl but not by KCl in our strain (Fig.
4), in agreement with previous reports [13,16]. The same
regulation was observed with a transcriptional nhaA–lacZ
fusion gene (data not shown). ChaA is required for growth
under sodium ion-rich conditions at high pH [8,9]. How-
ever, our present results demonstrated that chaA expression
at high pH was dependent on medium osmolarity. Sodium
ions are dominant components to increase osmolarity in
natural habitats of E. coli. It may be reasonable physiolog-
ically that the induction of the sodium ion extrusion system
is involved in bacterial strategies to adapt themselves to
hyperosmotic environments.
It is well known that bacteria have multiple systems for
one function, and different usage of multiple systems under
different environmental conditions has been proposed [10–
12]. In the case of sodium ion extrusion systems, E. coli was
shown to use different systems under different pH condi-
tions; ChaA extruded sodium ions at alkaline pH and NhaB
functioned at neutral and acid pH [9]. Expression of nhaA
was negligible at any medium pH values tested, and this
gene was well expressed only when other systems for
sodium ion extrusion are not operative [14]. The activity
of ChaA is not enough to keep a low internal level of
sodium ions in alkaline medium containing a large amount
of these ions [8,14], suggesting that the function of NhaA is
important for growth under such conditions. In addition to
different usage at different pH values, our present data
suggest that each sodium ion extrusion system responds to
a different external stimulus.
It has been demonstrated in this study that chaA expres-
sion is regulated by medium osmolarity. However, growth
in the presence of sucrose was not affected by the deletion
of chaA (data not shown), indicating that E. coli has another
system for osmoadaptation at high pH. It remains to be
clarified how medium osmolarity regulates chaA expres-
sion. There are two possible explanations. One is that
change in medium osmolarity affects the gene expression
via an unknown sensor protein bound to the cytoplasmic
membranes. Internal osmolarity increases with the accumu-
lation of potassium ions and glutamate in high osmolar
medium [23]. TS22Z accumulated sodium ions in medium
containing 10 mM NaCl at pH above 8 and the fusion gene
was well expressed (Fig. 4B). Therefore, chaA expression
may be regulated by internal osmolarity or ionic strength.
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